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The neotropical Guayana Highlands (GH) are one of the few remaining pristine
environments on Earth, and they host amazing biodiversity with a high degree
endemism, especially among vascular plants. Despite the lack of direct human
disturbance, GH plants and their communities are threatened with extinction from
habitat loss due to global warming (GW). Geographic information systems simulations
involving the entire known vascular GH flora (>2430 species) predict potential GW-
driven extinctions on the order of 80% by the end of this century, including nearly
half of the endemic species. These estimates and the assessment of an environmental
impact value for each species led to the hierarchization of plants by their risk of habitat
loss and the definition of priority conservation categories. However, the predictions
assume that all species will respond to GW by migrating upward and at equal rates,
which is unlikely, so current estimates should be considered preliminary and incomplete
(although they represent the best that can be done with the existing information).
Other potential environmental forcings (i.e., precipitation shifts, an increase in the
atmospheric CO2 concentration) and idiosyncratic plant responses (i.e., resistance,
phenotypic acclimation, rapid evolution) should also be considered, so detailed eco-
physiological studies of the more threatened species are urgently needed. The main
obstacles to developing such studies are the remoteness and inaccessibility of the GH
and, especially, the difficulty in obtaining official permits for fieldwork.
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INTRODUCTION
While pristine biomes and ecosystems are not subject to direct human pressure, they can
be indirectly affected by anthropogenic forcing as expressed through ongoing global change,
especially global warming (GW). The potential influence of GW on ecosystem composition,
structure and function in pristine environments has been considered to be a novel and somewhat
“unexpected” element that should be accounted for in conservation programs (Rull and Vegas-
Vilarrúbia, 2006). Ecological and evolutionary studies of pristine areas are not only useful for
discovering and protecting potentially endangered endemic and often unique species but also
for unraveling the origin of biodiversity and its patterns on Earth. Additionally, such research
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increases the understanding of the long-term ecological
functioning of ecosystems that are only subject to natural
forcing. Untouched biomes are very rare, and the eventual
consequences of GW could make them disappear. Therefore, it
is urgently necessary to concentrate efforts on their study and
conservation.
The neotropical Guayana Highlands (GH), the Lost World of
Arthur Conan Doyle (1912), are so remote and inaccessible that
they have remained virtually untouched until now. The GH have
been considered a natural laboratory for addressing important
and long-standing issues in neotropical ecology, evolution, and
biogeography (Rull, 2010). The potential consequences of GW on
GH vascular plants have been estimated given the 21st-century
warming projected by the IPCC (Nogué et al., 2009; Safont et al.,
2012; Vegas-Vilarrúbia et al., 2012). Emphasis has been placed
on upward migration and eventual extinction by habitat loss, but
other aspects such as the adaptation and acclimation potential
of plants have not been fully explored. This paper reviews the
results of the research that has been performed to date and
provides perspectives on future research into the less developed
aspects, acclimation and adaptation, and the potential genetic and
ecological mechanisms that are involved. Studies of the potential
consequences of GW for untouched biomes and ecosystems are
uncommon, and the GH could serve as a pilot survey.
THE GUAYANA HIGHLANDS
The GH are composed of the flat summits of the ∼60 sandstone
table mountains (locally called tepuis) in the neotropical region
of Guayana (Figure 1), whose unique biotic features define
the Pantepui biogeographic province (Huber, 1994; Berry et al.,
1995). The total extent of these summits is ca. 6000 km2, and
they range from 1500 to 3014 m in elevation (Huber, 1995a). This
study is centered on Venezuela, the country to which most tepuis
belong. The GH emerge from the surrounding lowlands as an
archipelago of islands suspended in the air and are characterized
by outstanding plant diversity and levels of endemism similar
to those of oceanic islands (Berry and Riina, 2005; Rull, 2009b).
A database built with the currently available floristic information
revealed the occurrence of 2433 species (>4000 species per
10,000 km2), of which 618 (ca. 25%) are endemic to Pantepui
(Safont et al., 2012). Considering that many tepui summits
remain largely unexplored (Huber, 1995b), these numbers are
extraordinary in a global context (Barthlott et al., 1999). These
mountain islands are remote and mostly inaccessible; only a
few summits can be reached by foot. The indigenous people
inhabiting the region call these table mountains “tepuis” and
consider their summits to be the home of gods, from which
humans are forbidden. There are no economically profitable
resources on the tepui summits, and activities, such as agriculture,
livestock husbandry, forestry or mining are prevented by the
particular geologic, edaphic, and biotic conditions. The only
activities that have been developed in the GH are tourism and
scientific exploration, and access is mainly by helicopter (Huber,
1995b). There is no tourist infrastructure on the GH (visitors
should camp on the summits), so their pristinity is maintained.
The GH are protected by several designations including
national parks, a Biosphere Reserve and a World Heritage Site,
and the tepuis themselves were declared a natural monument
in 1990 (Huber, 1995c). However, the existing framework is
not sufficient to guarantee their conservation. For example,
the latest environmental evaluation of the Canaima National
Park, the most emblematic protected area in the region,
concluded that while the conservation status of the tepuian
summits is good, the level of threat is high, especially to
biodiversity (Novo and Díaz, 2007). The report also identified
several obstacles to a suitable conservation policy, namely, the
insufficient level of funding; the scarcity, high turnover and
incomplete training of the personnel responsible daily field
surveillance; the enormous size of the park and the remoteness
of many protected areas; the diversity of actors and stakeholders,
including governmental, private and indigenous interests, and
the absence of a mechanism of exchange among them; and
the lack of a definite management plan for the park, although
some proposals exist (Bevilacqua et al., 2009). The Guiana Shield
Facility (GSF), an international conservation organization that
works in the Guayana/Guiana Shield countries, considers the
tepuis to be priority areas for protection (Huber and Foster,
2003; Bernard et al., 2011), but specific actions have not yet
been attempted. Furthermore, many tourist activities are illegal
or out of control, and the first signs of human disturbance are
beginning to appear. For example, in the Roraima (Figure 1),
the most visited tepui, vegetation trampling and other direct
impacts are not uncommon, and recent studies have documented
the introduction of invasive plants and the contamination of
water by fecal bacteria (Safont et al., 2014; Fernández-Delgado
et al., 2016). Urgent actions are needed to control this particular
problem (Rull et al., 2016), which, fortunately, is an exceptional
situation, and most of the tepuian summits remain virtually
untouched.
RANGE SHIFTS AND HABITAT LOSS
Despite their general pristinity and the paucity of direct human
impact, the GH vascular flora is considered to be severely
threatened by climate change (Rull and Vegas-Vilarrúbia, 2006).
GW is considered a major threat to mountain flora worldwide
as plants may respond by shifting their altitudinal distributions,
leading to changes in the diversity and composition of their
communities as well as the reduction, fragmentation or loss of
their habitat. An increasing number of studies show that this
is already occurring and warn of the potential threat of GW to
summit species and communities (e.g., Thuiller et al., 2005; Pauli
et al., 2007, 2012; Colwell et al., 2008; Kelly and Goulden, 2008;
Lenoir et al., 2008; Grabherr et al., 2010; Kreyling et al., 2010;
Walther, 2010; Dirnböck et al., 2011; Engler et al., 2011; Feeley
et al., 2011; Sheldon et al., 2011; Gottfried et al., 2012; Jump et al.,
2012). Tropical mountains are of particular concern because of
their high biodiversity and levels of endemism (Davis et al., 1997;
Myers et al., 2000; Malcom et al., 2006; Laurence et al., 2011;
Nogué et al., 2013). Indeed, the extinction of an endemic species
is a global extinction.
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FIGURE 1 | Map of the study location and example of tepuian massifs. (A) Map with the studied area in the geographical context of northern South America.
The Amazon and Orinoco lowlands are in gray; the Guayana Highlands (GH) region in white with the GH proper (i.e., situated above 1500 m in elevation) in black.
Ch – Chimantá massif, It – Ilú-Tramén massif, Ro – Roraima tepui. Red lines are the international borders. (B) The Roraima (right) and the Kukenán (left) tepuis. The
summit of the Roraima has a surface area of 34.38 km2 and a maximum elevation of 2723 m, whereas the Kukenán summit has a surface area of 20.63 km2 and a
maximum elevation of 2650 m (Huber, 1995a). (C) The Ilú-Tramén massif, whose summit has a surface area of 5.63 km2 and a maximum elevation of 2700 m
(Huber, 1995a) (Photos: V. Rull).
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In the GH, the risk of extinction by habitat loss due to the
projected GW in this century has been addressed using the
altitudinal range shift (ARS) method (Rull and Vegas-Vilarrúbia,
2006) and climate envelope distribution models (CEDM)
(Rödder et al., 2010). Both methods use geographic information
systems (GIS) techniques and have been applied to estimate
the expected habitat reduction for Pantepui species assuming
that these species will respond to GW by upward migration at
rates similar to that of the warming. Using the ARS method, the
present potential distribution area of the Pantepui habitat was
first plotted in a digital elevation model (DEM), and its reduction
was simulated for a given increase in temperature and an average
adiabatic lapse rate of −0.6◦C per 100 m of elevation, which
is characteristic of the Guayana region (Huber, 1995a). The
reduction in the number of species was then calculated using the
previously developed species-area relationship for the GH based
on empirical data (Nogué et al., 2009). Simulations were run for
the more optimistic (B1) and the more pessimistic (A2) scenarios
in the third IPCC assessment report (Houghton et al., 2001),
which predicted warmings of 2.0 and 4.0◦C, respectively, for
northern South America by the end of this century. Under these
conditions, the ARS method yielded estimates of 1700 (B1)–1824
(A2) species (75–79% of the total) at risk of habitat loss, of which
209 (B1)–406 (A2) (28–54%) were endemics. An individual
species-by-species analysis based on their specific estimated
reductions in habitat confirmed that 166–343 endemic species
(22–46%) were threatened by habitat loss (Nogué et al., 2009).
All of these species are listed in Nogué et al. (2009). In addition,
virtually all of the analyzed species showed a fragmented
potential distribution by the end of the century regardless of the
IPCC scenario (Nogué et al., 2009). More sophisticated CEDM
produced similar results that supported previous ARS estimates
(Rödder et al., 2010), and the CEDM-generated maps of the
potential habitat by the end of this century were nearly identical
to those obtained by ARS. However, CEDM maps were not used
to estimate the number of species at risk of habitat loss.
The ARS was re-run under the new predictions of the
fourth IPCC assessment report (Solomon et al., 2007), but the
estimated number of endangered endemic species did not change
significantly (Safont et al., 2012). However, this report considered
a three-step warming: (I) 1.0◦C (for both B1 and A2) by 2011–
2030, (II) 2.0◦C (B1) to 2.5◦C (A2) by 20146–2065, and (III) 2.5
(B1) to 4.0◦C (A2) by 2080–2099, which facilitated a preliminary
hierarchization of the endangered species. The ARS analysis
was individually run for the three warming phases, and the 35
endemic species (6%) losing their potential habitat at stage I were
considered the most threatened, followed by the 140 (B1)–184
(A2) (23–30%) predicted to lose their habitat at stage II and,
finally, the 184 (B1)–307 (A2) (30–50%) that will be at risk of
habitat loss by the end of the century (stage III). An exhaustive
list of these species is provided by Safont et al. (2012).
CONSERVATION STRATEGIES
The above species-level risk analysis was complemented by
defining conservation priority categories using an index called
the environmental impact value (EIV) for each species, which
considered the taxonomic level of endemism (i.e., family, genus,
species), the degree of endemism (i.e., local tepui endemism,
general Pantepui endemism, tepuian district endemism), the
characteristic of keystone species (when a given species is
fundamental to the existence of its community), and the
geographical and altitudinal ranges of the species (Safont et al.,
2012). Prioritizing species according to extinction threat may
be a more cost-effective way to invest conservation resources
than comprehensive plans intended to preserve all species
at once or only the most charismatic (Pärtel et al., 2005;
Jiménez-Alfaro et al., 2010). The EIV defined 10 (B1)–13 (A1)
priority conservation categories; species deserving immediate
conservation actions were those estimated to lose their habitat
during stage I with the highest EIV scores, which corresponded
to priority categories 1–3 for both the B1 and A2 scenarios.
A complete list of all priority categories is provided in Safont et al.
(2012).
In general, the best strategy for long-term biodiversity
conservation is considered to be in situ conservation, notably the
enhancement of the degree of protection or designation of new
protected areas (Frankel et al., 1995; Primack, 2002). However,
the danger of habitat loss due to GW in the absence of direct
human impacts, as is the case in the GH, cannot be addressed with
in situ practices alone, so ex situ measures seem to be required
to preserve the biodiversity and ecosystems of the Pantepui. It
has been estimated that, by the end of this century, the Pantepui
area will be reduced by >80% and that the suitable habitat for
Pantepui species will disappear from more than 35 (58%) tepuis.
The largest remaining patch will be located in the Chimantá
massif (Figure 2), which will represent nearly the half of the total
remaining Pantepui area (Vegas-Vilarrúbia et al., 2012). This
patch can be considered a potential refuge for future GH flora,
which would contain resistant species from lower altitudes and
other species that will eventually persist in microrefugia (Rull,
2009a). Maps of the potential Pantepui area remaining by 2100,
in which eventual in situ actions should be concentrated, are
available in Vegas-Vilarrúbia et al. (2012).
Among the available ex situ techniques, germplasm banks,
living plant collections and managed relocation have been
discussed (Rull and Vegas-Vilarrúbia, 2006; Nogué et al., 2009;
Safont et al., 2012). Germplasm preservation seems to be
especially feasible as it will allow for the restoration of species
when needed, provided the suitable environmental conditions
are present. Classical seed collection and banking as well as
the creation of botanical gardens have already been suggested
as suitable methods for preserving endangered species for
restoration purposes. However, in these procedures, special care
should be taken to preserve genetic diversity as much as possible
(Vitt et al., 2010; Hardwick et al., 2011). Managed relocation is a
more controversial approach due to the likelihood of unexpected
ecological consequences in recipient ecosystems (Hunter, 2007;
McLachlan et al., 2007; Davidson and Simkanin, 2008; Hoegh-
Guldberg et al., 2008; Ricciardi and Simberloff, 2009; Seddon
et al., 2009), so to minimize potential ecological impacts,
relocated species may be restricted to selected areas along an
elevational transect according to their individual requirements
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FIGURE 2 | Pantepui habitat reduction (in %) on the Chimantá massif. (A) Geographic information systems (GIS)-generated map of the summit contour of the
Chimantá massif (>1500 m in elevation), indicating the Pantepui habitat area for warmings of 2◦C (black area) and 4◦C (gray area). (B) NE cliffs of the Chimantá
massif (Photo: V. Rull).
and isolated from autochthonous communities, i.e., in artificial
microrefugia. The northern Andes have been proposed as a
possible recipient area as species would be allowed to migrate
upwards due to the occurrence of suitable terrain above 3000 m
in elevation (Rull et al., 2009). Potential relocations must be
informed by carefully planned ecological studies to ensure that
the creation of novel ecosystems for stressed populations do not
damage the recipient ecosystem (Safont et al., 2012).
SOME PROBLEMS AND NEW
PERSPECTIVES
There are several issues with the habitat loss estimations that
have been performed in the GH to date. First, environmental
factors other than temperature could act as drivers of species
range shifts. Second, the migration capacity of species could
be limited by the lack of suitable substrates or topographical
Frontiers in Plant Science | www.frontiersin.org 5 January 2017 | Volume 8 | Article 81
fpls-08-00081 January 23, 2017 Time: 13:33 # 6
Rull and Vegas-Vilarrúbia “Lost World” Responses to Warming
barriers. Third, the estimation methods that have been used
assume that all species will respond to warming by migrating
upwards at the same rates. Therefore, the available potential
habitat loss estimates should be considered preliminary and as
a first step toward more realistic projections that consider all
relevant environmental factors as well as the ecological features of
the species of concern that could affect their individual responses
to climate change.
In terms of climatic factors other than temperature,
precipitation intensity and distribution is predicted to
undergo significant shifts worldwide during this century,
but such changes seem to be of relatively little relevance to
the studied region. On the one hand, the 0–5% reduction
in mean annual rainfall forecasted by the IPCC by the end
of this century (Solomon et al., 2007; Stocker et al., 2013)
is almost negligible considering the perhumid climate of
the tepui summits, where precipitation ranges from 2500
to 4000 mm per year with little seasonal variation (Huber,
1995a). On the other hand, temperature has been recognized
as the main factor controlling the altitudinal distribution
of vascular plant species in Pantepui (Huber, 1995a) as in
many other areas (e.g., Guisan and Theurillat, 2000; Thuiller
et al., 2005). The projected increase in the concentration of
atmospheric CO2 is another factor that should be considered,
and evaluating its effects requires detailed eco-physiological
studies of selected species, such as those in the priority categories
mentioned above. Unfortunately, such studies are not available
and are difficult to perform due to logistic and bureaucratic
constraints (see below). The influence of local topographical
and edaphic factors (e.g., slope orientation, substrate availability,
microclimatic conditions, and vegetation structure) might
be relevant to the control of altitudinal plant migration and
could be understood with intensive fieldwork and the use
of GIS tools. Again, acquiring detailed knowledge of these
aspects has been hindered by the difficulty of developing
ecological studies atop the tepuis, but the need for these types
of studies is indisputable and methods that are applicable
globally, such as those developed by the GLORIA (Global
Observatory Research Initiative in Alpine environments)
project (Pauli et al., 2005) have been encouraged (Rull et al.,
2009).
Increasing the autoecological knowledge of the potential
responses of threatened plant species is imperative. Current
predictive models for the GH assume homogeneous responses,
but this should be considered approximative as different species
may respond to warming in different ways. Species with
higher phenotypic plasticity might be able to tolerate warming
by accommodating their morphological, physiological or life
history traits to changing climates. Examples include changing
photosynthesis rates and growth in response to increasing
atmospheric CO2 concentrations or modifying phenological
features, such as growth and flowering times and duration,
in response to changing meteorological seasonality (Ainsworth
and Rogers, 2007; Gunderson et al., 2010; Medeiros and Ward,
2013; Liancourt et al., 2015). The combined effects of warming,
water stress and elevated CO2 should also be taken into account
(e.g., Xu and Zhou, 2006; Xu et al., 2014, 2016). At the
ecosystem level, such changes could influence the resilience of
species to climate change and, consequently, their competitive
ability, symbiotic interactions and fitness, which may affect
community composition and ecological functioning (Kimball
et al., 2012). According to Becklin et al. (2016), phenotypic
plasticity may alleviate the effects of climate change but may
not guarantee long-term persistence, especially if environmental
change exceeds the variability that species have experienced
historically. The species that are unable to accommodate to
GW in this way, should adapt, in an evolutionary sense,
to the new environmental conditions or migrate; otherwise,
they will become extinct in situ. The potential occurrence of
rapid evolutionary adaptation, i.e., genetic change, to GW is
a controversial issue (Merilä, 2012) that remains difficult to
demonstrate (Franks et al., 2007). A necessary condition for
species to undergo rapid evolutionary change in response to
climate change is sufficient genetic variation in the traits under
selection pressure (Becklin et al., 2016), but such knowledge
of the GH does not exist for the same reasons mentioned
above and should be urgently addressed in light of the priority
categories established for the more threatened species (Safont
et al., 2012).
In addition to the remoteness and low accessibility of
the GH, a recurrent obstacle to a sound assessment of the
plant species and communities threatened with extinction by
habitat loss is the difficulty obtaining fieldwork and sampling
permits. This problem was first noted several years ago
(Rull and Vegas-Vilarrúbia, 2008; Rull et al., 2008), but the
situation has not changed. The lack of sufficient environmental
management tools (Novo and Díaz, 2007) and the difficulty
of establishing effective control mechanisms in a region as
vast as the GH are serious challenges to adequate protection
policies (Rull et al., 2016). Currently, visits to most of the
tepuis are prohibited, and scientific surveys, especially those
related to genetic studies, are subjected to serious restrictions
to prevent biopiracy (Rull and Vegas-Vilarrúbia, 2008). These
restrictions should be relaxed to allow a proper appraisal of the
potential effect of GW on GH species and their ecosystems.
Current estimates based on the available databases and methods,
such as ARS and CDEM, are all that can currently be
accomplished. Without new and more detailed ecological and
physiological studies of selected GH plants and ecosystems, the
background information required for optimizing conservation
practices will remain unknown. In these conditions, the use
of remote sensing techniques would be useful, especially those
involving radiation measurements related to ecophysiological
features such as energy balance or photosynthesis (Jones et al.,
2003). Such measurements might be done using conventional
satellite imagery or newly developed techniques as for example
Unmanned Aerial Vehicles (UAV), also known as drones (Salamí
et al., 2014).
AUTHOR CONTRIBUTIONS
VR and TV contributed equally to the ideas expressed here. VR
wrote the manuscript and TV provided additional insights.
Frontiers in Plant Science | www.frontiersin.org 6 January 2017 | Volume 8 | Article 81
fpls-08-00081 January 23, 2017 Time: 13:33 # 7
Rull and Vegas-Vilarrúbia “Lost World” Responses to Warming
REFERENCES
Ainsworth, E. A., and Rogers, A. (2007). The response of photosynthesis
and stomatal conductance to rising [CO2]: mechanisms and environmental
interactions. Plant Cell. Environ. 30, 258–270. doi: 10.1111/j.1365-3040.2007.
01641.x
Barthlott, W., Biedinger, N., Braun, G., Feig, F., Kier, G., and Mutke, J. (1999).
Terminological and methodological aspects of the mapping and analysis of
global biodiversity. Acta Bot. Fenn. 162, 103–110.
Becklin, K. M., Anderson, J. T., Gerhard, L. M., Wadgymar, S. M., Wessinger, C. A.,
and Ward, J. K. (2016). Examining plant physiological responses to climate
change through an evolutionary lens. Plant Physiol. 172, 635–649.
Bernard, C., Upgren, A., and Honzák, M. (2011). Review of the Guiana Shield
Priority Setting Outcomes: Narrative Report. Georgetown, TX: Conservation
International.
Berry, P. E., Huber, O., and Holst, B. K. (1995). “Floristic analysis and
phytogeography,” in Flora of the Venezuelan Guayana. Introduction, Vol. 1,
eds P. E. Berry, B. K. Holst, and K. Yatskievych (St. Louis: Missouri Botanical
Graden Press), 161–191.
Berry, P. E., and Riina, R. (2005). Insights into the diversity of the Pantepui
Flora and the biogeographic complexity of the Guayana Shield. Biol. Skrift. 55,
145–166.
Bevilacqua, M., Medina, D. A., and Cárdenas, L. (2009). “Manejo de recursos
naturales en el parque nacional canaima: desafíos institucionales para la
conservación,” in Biodiversidad del Parque Nacional Canaima. Bases Técnicas
Para la Conservación de la Guayana Venezolana, eds C. Señaris, D. Lew, and C.
Lasso (Caracas: Fundación La Salle de Ciencias Naturales), 209–221.
Colwell, R. K., Brehm, G., Cardelús, C. L., Gilman, A. C., and Longino, J. T. (2008).
Global warming, elevational range shifts, and lowland biotic attrition in the wet
tropics. Science 322, 258–261. doi: 10.1126/science.1162547
Conan Doyle, A. (1912). The Lost World. London: Hodder & Stoughton.
Davidson, I., and Simkanin, C. (2008). Skeptical of assisted colonization. Science
322, 1048–1049. doi: 10.1126/science.322.5904.1048b
Davis, S. D., Heywood, V. H., Herrera-MacBride, O., Villalobos, J., and
Hamilton, A. (1997). Centres of Plant Diversity: A Guide and Strategy for their
Conservation, The Americas, Vol. 3. Cambridge: IUCN Publications Unit.
Dirnböck, T., Essl, F., and Rabitsh, W. (2011). Disproportional risk for habitat loss
of high-altitude endemic species under climate change. Glob. Change Biol. 17,
990–996. doi: 10.1111/j.1365-2486.2010.02266.x
Engler, R., Randin, C. F., Thuiller, W., Dullinger, S., Zimmermann, N. E., Araújo,
M. B., et al. (2011). 21st century climate change threatens mountain flora
unequally across Europe. Glob. Change Biol. 17, 2330–2341. doi: 10.1111/j.1365-
2486.2010.02393.x
Feeley, K. J., Silman, M. R., Bush, M. B., Farfan, W., García Cabrera, K., Malhi, Y.,
et al. (2011). Upslope migration of Andean trees. J. Biogeogr. 38, 783–791.
doi: 10.1111/j.1365-2699.2010.02444.x
Fernández-Delgado, M., Giarrizzo, J. G., García-Amado, M. A., Contreras, M.,
Salazar, V., Barton, H., et al. (2016). Evidence of Helicobacter spp. in
freshwaters from Roraima Tepui, Guayana Shield, South America. Antoine van
Leeuwenhoeck 109, 529–542. doi: 10.1007/s10482-016-0658-9
Frankel, O. H., Brown, A. H. D., and Burdon, J. J. (1995). The Conservation of Plant
Biodiversity. Cambridge: Cambridge University Press.
Franks, S. J., Sim, S., and Weis, A. E. (2007). Rapid evolution of flowering time by
an annual plant in response to a climate fluctuation. Proc. Natl. Acad. Sci. U.S.A.
104, 1278–1282. doi: 10.1073/pnas.0608379104
Gottfried, M., Pauli, H., Futschik, A., Akhalkatsi, M., Baran Èok, P., Benito Alonso,
J. L., et al. (2012). Continentwide response of mountain vegetation to climate
change. Nat. Clim. Change 2, 111–115. doi: 10.1111/gcb.12362
Grabherr, G., Gottfried, M., and Pauli, H. (2010). Climate change impacts in alpine
environments. Geogr. Compass 4, 1133–1153. doi: 10.1111/j.1749-8198.2010.
00356.x
Guisan, A., and Theurillat, J. P. (2000). Assessing alpine plant vulnerability to
climate change: a modeling perspective. Integr. Assess. 1, 307–320. doi: 10.1023/
A:1018912114948
Gunderson, C. A., O’Hara, K. H., Campion, C. M., Walker, A. V., and Edwards,
N. T. (2010). Thermal plasticity of photosynthesis: the role of acclimation
in forest responses to a warming climate. Glob. Change Biol. 16, 2272–2286.
doi: 10.1111/j.1365-2486.2009.02090.x
Hardwick, K. A., Fiedler, P., Lee, L. C., Pavlik, B., Hobbs, R. J., Aronson, J., et al.
(2011). The role of botanic gardens in the science and practice of ecological
restoration. Conserv. Biol. 25, 265–275. doi: 10.1111/j.1523-1739.2010.
01632.x
Hoegh-Guldberg, O., Hughes, L., McIntyre, S., Lindenmayer, D. B., Parmesan, C.,
Possingham, H. P., et al. (2008). Assisted colonization and rapid climate change.
Science 321, 345–346. doi: 10.1126/science.1157897
Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J., Dai, X.,
et al. (2001). Climate Change 2001: The Scientific Basis. Cambridge: Cambridge
University Press.
Huber, O. (1994). Recent advances in the phytogeography of the Guayana region,
South America. Mém. Soc. Biogéogr. 4, 53–63.
Huber, O. (1995a). “Geographical and physical features,” in Flora of the Venezuelan
Guayana. Introduction, Vol. 1, eds P. E. Berry, B. K. Holst, and K. Yatskievych
(St. Louis: Missouri Botanical Graden Press), 1–61.
Huber, O. (1995b). “History of botanical exploration,” in Flora of the Venezuelan
Guayana. Introduction, Vol. 1, eds P. E. Berry, B. K. Holst, and K. Yatskievych
(St. Louis: Missouri Botanical Graden Press), 63–95.
Huber, O. (1995c). “Conservation of the Venezuelan Guayana,” in Flora of the
Venezuelan Guayana. Introduction, Vol. 1, eds P. E. Berry, B. K. Holst, and K.
Yatskievych (St. Louis: Missouri Botanical Graden Press), 193–218.
Huber, O., and Foster, M. N. (2003). Conservation Priorities for the Guayana Shield.
Washington, DC: Conservation International.
Hunter, M. L. (2007). Climate change and moving species: furthering the debate on
assisted colonization. Conserv. Biol. 21, 1356–1358. doi: 10.1111/j.1523-1739.
2007.00780.x
Jiménez-Alfaro, B., Colubi, A., and González-Rodríguez, G. (2010). A comparison
of pointscoring procedures for species prioritization and allocation of seed
collection resources in a mountain region. Biodivers. Conserv. 19, 3667–3684.
doi: 10.1007/s10531-010-9921-y
Jones, H. G., Archer, N., Rotenberg, E., and Casa, R. (2003). Radiation
measurement for plant ecophysiology. J. Exp. Bot. 54, 879–889. doi: 10.1093/
jxb/erg116
Jump, A. S., Huang, T.-J., and Chou, C.-H. (2012). Rapid altitudinal migration of
mountain plants in Taiwan and its implication for high altitude biodiversity.
Ecography 35, 204–210. doi: 10.1111/j.1600-0587.2011.06984.x
Kelly, A. E., and Goulden, M. L. (2008). Rapid shifts in plant distributions with
recent climate change. Proc. Natl. Acad. Sci. U.S.A. 105, 11823–11826. doi:
10.1073/pnas.0802891105
Kimball, S., Gremer, J. R., Angert, A. L., Huxman, T. E., and Venable, D. L. (2012).
Fitness and physiology in a variable environment. Oecologia 169, 319–329.
doi: 10.1007/s00442-011-2199-2
Kreyling, J., Wana, D., and Beierkuhnlein, C. (2010). Potential consequences
of climate warming for tropical plant species in high mountains of
Southern Ethiopia. Divers. Distrib. 16, 593–605. doi: 10.1111/j.1472-4642.2010.
00675.x
Laurence, W. F., Useche, D. C., Shoo, L. P., Herzog, S. K., Kessler, M., Escobar, F.,
et al. (2011). Global warming, elevational ranges and the vulnerability of
tropical biota. Biol. Conserv. 144, 548–557. doi: 10.1016/j.biocon.2010.10.010
Lenoir, J., Gégout, J. C., Marquet, P. A., De Ruffray, P., and Brisse, H. (2008).
A significant upward shift in plant species optimum elevation during the 20th
century. Science 320, 1768–1771. doi: 10.1126/science.1156831
Liancourt, P., Boldgiv, B., Song, D. S., Spence, L. A., Helliker, B. R., Petraitis, P. S.,
et al. (2015). Leaf-trait plasticity and species vulnerability to climate change
in a Mongolian steppe. Glob. Change Biol. 21, 3489–3498. doi: 10.1111/gcb.
12934
Malcom, J. R., Liu, C., Neilson, R. P., Hansen, L., and Hannah, L. (2006).
Global warming and extinctions of endemic species from biodiversity hotspots.
Conserv. Biol. 20, 538–548. doi: 10.1111/j.1523-1739.2006.00364.x
McLachlan, J. S., Hellmann, J. J., and Schwartz, M. W. (2007). A framework for
debate of assisted migration in an era of climate change. Conserv. Biol. 21,
297–302. doi: 10.1111/j.1523-1739.2007.00676.x
Medeiros, J. S., and Ward, J. K. (2013). Increasing atmospheric [CO2] from glacial
to future concentrations affects drought tolerance via impacts on leaves, xylem
and their integrated function. New Phytol. 199, 738–748. doi: 10.1111/nph.
12318
Merilä, J. (2012). Evolution in response to climate change: in pursuit of the missing
evidence. BioEssays 34, 811–818. doi: 10.1002/bies.201200054
Frontiers in Plant Science | www.frontiersin.org 7 January 2017 | Volume 8 | Article 81
fpls-08-00081 January 23, 2017 Time: 13:33 # 8
Rull and Vegas-Vilarrúbia “Lost World” Responses to Warming
Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A. B., and Kent, J.
(2000). Biodiversity hotspots for conservation priorities. Nature 403, 853–858.
doi: 10.1038/35002501
Nogué, S., Rull, V., and Vegas-Vilarrúbia, T. (2009). Modeling biodiversity loss
by global warming in Pantepui, northern South America: projected upward
migration and potential habitat loss. Clim. Change 94, 77–85. doi: 10.1007/
s10584-009-9554-x
Nogué, S., Rull, V., and Vegas-Vilarrúbia, T. (2013). Elevational gradients in
the neotropical table mountains: patterns of endemism and implications for
conservation. Divers. Distrib. 17, 676–687. doi: 10.1111/ddi.12017
Novo, I., and Díaz, D. (2007). Informe Final de la Evaluación del Parque Nacional
Canaima, Venezuela, Como Sitio de Patrimonio Natural de la Humanidad.
Caracas: INPARQUES.
Pärtel, M., Kalamees, R., Reier, Ü, Tuvi, E.-L., Roosaluste, E., Vellak, A., et al.
(2005). Grouping and prioritization of vascular plant species for conservation:
combining natural rarity and management need. Biol. Conserv. 123, 271–278.
doi: 10.1016/j.biocon.2004.11.014
Pauli, H., Gottfried, M., Dullinger, S., Abdaladze, O., Akhalkatsi, M., Benito
Alonso, J. L., et al. (2012). Recent plant diversity changes on Europe’s mountain
summits. Science 336, 353–355. doi: 10.1126/science.1219033
Pauli, H., Gottfried, M., Hohenwallner, D., Reieter, K., and Grabherr, G.
(2005). “Ecological climate impact research in high mountain environments:
GLORIA – its roots, its purpose and the long-term perspectives,” in Global
Change and Mountain Regions. An Overview of Current Knowledge, eds U. M.
Huber, H. K. M. Bugmann, and M. A. Reasoner (Dordrecht: Springer),
383–392.
Pauli, H., Gottfried, M., Reiter, K., Klettner, C., and Grabherr, G. (2007). Signals
of range expansions and contractions of vascular plants in the high Alps:
observations (1994-2004) at the GLORIA master site Schrankogel, Tyrol,
Austria. Glob. Change Biol. 13, 147–156. doi: 10.1111/j.1365-2486.2006.01282.x
Primack, R. B. (2002). Essentials of Conservation Biology. Sunderland: Sinauer.
Ricciardi, A., and Simberloff, D. (2009). Assisted colonization is not a viable
conservation strategy. Trends Ecol. Evol. 24, 248–253. doi: 10.1016/j.tree.2008.
12.006
Rödder, D., Schlüter, A., and Lötters, S. (2010). “Is the ‘Lost World’ lost? High
endemism of amphibians and reptiles on South American tepuis in a changing
climate,” in Relict Species: Phylogeography and Conservation Biology, eds J. C.
Habel and T. Assmann (Berlin: Springer), 401–416.
Rull, V. (2009a). Microrefugia. J. Biogeogr. 36, 481–484. doi: 10.1111/j.1365-2699.
2008.02023.x
Rull, V. (2009b). “Pantepui,” in Encyclopedia of Islands, eds R. G. Gillespie and C.
Clague (Berkeley: University of California Press), 717–720.
Rull, V. (2010). “The Guayana Highlands: a natural laboratory for the
biogeographical and evolutionary study of the neotropical flora,” in Urumaco
and Venezuelan Palaeontology-The Fossil Record of the Northern Neotropics, eds
M. Sánchez-Villagra, O. Aguilera, and A. Carlini (Bloomington, IN: Indiana
University Press), 84–102.
Rull, V., and Vegas-Vilarrúbia, T. (2006). Unexpected biodiversity loss under
global warming in the neotropical Guayana Highlands: a preliminary appraisal.
Glob. Change Biol. 12, 1–6. doi: 10.1111/j.1365-2486.2005.001080.x
Rull, V., and Vegas-Vilarrúbia, T. (2008). Biopiracy rules hinder conservation
efforts. Nature 453:26. doi: 10.1038/453026a
Rull, V., Vegas-Vilarrúbia, T., Nogué, S., and Huber, O. (2009). Conservation of
the unique neotropical vascular flora from the Guayana Highlands in the face
of global warming. Conserv. Biol. 23, 1323–1327. doi: 10.1111/j.1523-1739.2009.
01266.x
Rull, V., Vegas-Vilarrúbia, T., Nogué, S., and Montoya, E. (2008). Bureaucratic
obstruction of conservation science in the Guayana Highlands. Conserv. Biol.
22, 508–509. doi: 10.1111/j.1523-1739.2008.00960.x
Rull, V., Vegas-Vilarrúbia, T., and Safont, E. (2016). The lost World’s pristinity at
risk. Divers. Distrib. 22, 995–999. doi: 10.1111/ddi.12469
Safont, E., Rull, V., Vegas-Vilarrúbia, T., Holst, B. K., Huber, O., Nozawa, S., et al.
(2014). Establishing a baseline of plant diversity and endemism on a neotropical
mountain summit for future comparative studies assessing upward migration:
an approach from biogeography and nature conservation. Syst. Biodivers. 12,
292–314. doi: 10.1080/14772000.2014.918061
Safont, E., Vegas-Vilarrúbia, T., and Rull, V. (2012). Use of environmental impact
assessment (EIA) tools to set priorities and optimize strategies in biodiversity
conservation. Biol. Conserv. 149, 113–121. doi: 10.1016/j.biocon.2012.01.067
Salamí, E., Barrado, C., and Pastor, E. (2014). UAV flight experiments applied to
remote sensing in vegetated areas. Remote Sens. 6, 11051–11081. doi: 10.3390/
rs61111051
Seddon, P. J., Armstrong, D. P., Soorae, P., Launay, F., Walker, S., Ruiz-Miranda,
C. R., et al. (2009). The risks of assisted colonization. Conserv. Biol. 23, 788–789.
doi: 10.1111/j.1523-1739.2009.01200.x
Sheldon, K. S., Yang, S., and Tewkbury, J. J. (2011). Climate change and
community disassembly: impacts of warming on tropical and temperate
montane community structure. Ecol. Lett. 14, 1191–1200. doi: 10.1111/j.1461-
0248.2011.01689.x
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B.,
et al. (2007). Climate Change 2007: The Physical Science Basis. Cambridge:
Cambridge University Press.
Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M. M. B., Allen, S. K., Boschung, J.,
et al. (2013). Climate Change 2013. The Physical Science Basis. Cambridge:
Cambridge University Press.
Thuiller, W., Lavorel, S., Araújo, M. B., Sykes, M. T., and Colin Prentice, I. (2005).
Climate change threats to plant diversity in Europe. Proc. Natl. Acad. Sci. U.S.A.
102, 8245–8250. doi: 10.1073/pnas.0409902102
Vegas-Vilarrúbia, T., Nogué, S., and Rull, V. (2012). Global warming, habitat shifts
and potential refugia for biodiversity conservation in the neotropical Guayana
Highlands. Biol. Conserv. 152, 159–168. doi: 10.1016/j.biocon.2012.03.036
Vitt, P., Havens, K., Kramens, A. T., Sollenberger, D., and Yates, E. (2010). Assisted
migration of plants: changes in latitudes, changes in attitudes. Biol. Conserv.
143, 18–27. doi: 10.1016/j.biocon.2009.08.015
Walther, G.-R. (2010). Community and ecosystem responses to recent climate
change. Philos. Trans. R. Soc. B 365, 2019–2024. doi: 10.1098/rstb.2010.0021
Xu, Z., Jiang, Y., Jia, B., and Zhou, G. (2016). Elevated CO2 response of stomata
and its dependence on environmental factors. Front. Plant Sci. 7:657. doi: 10.
3389/fpls.2016.00657
Xu, Z., Shimizu, H., Ito, S., Yagasaki, Y., Zou, C., Zhou, G., et al. (2014).
Effects of elevated CO2, warming and precipitation change on plant growth,
photosynthesis and peroxidation in dominant species from China grassland.
Planta 239, 421–435. doi: 10.1007/s00425-013-1987-9
Xu, Z., and Zhou, C. (2006). Combined effects of water stress and high temperature
on photosynthesis, nitrogen metabolism and lipid peroxidation of a perennial
grass Leymus chinensis. Planta 224, 1080–1090. doi: 10.1007/s00425-006-
0281-5
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Rull and Vegas-Vilarrúbia. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 8 January 2017 | Volume 8 | Article 81
